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History Is not just a thing of the past!

[
e/



.4o444.4d4.444.J.4.J..J..d.J.J<J~.J..J~J~J~J.<J..J.J.J.J.J.J.J..J.J.J.J.J.J.J4444444 ,,......
RRRhkhasasnisssssssssssssssnsssssssssissiainiiiiiiiiit o
T T L 1

IRRRRRRARRRRRRRRRRRY SRRRARRRRRARARRRRRRARRN

AT YY f Y ) JJJ.JJ;J;;J;;,,4.,..
1YYITYTYTYTYNY Y Y Y Y Y Y Y Y Y Y Y YT Y Y Y

Y'Y JJJJJJJJJ JWJJ JJJJJJJquJJza.Jz s vy SN YNy

JJJJ - ] ' » T T TN YN YYNYNYNY Y

3 Y YTHYNYYNYYNYNYN S \

JJJJJJ J J J s J J JJ JJJJJ 4 J J TYYYYYY Y

JJJLfﬂf St : ff«quq44j4444z,4,..
VOO0 , sansnnnnnRRARRRRRARE

_ee , YYY Y999 NN Y NS

JJJJJ f J4J44414444/z41/

. TY YT YT YT YT YT Y Y Y Y Y Y Y
JJLf MY YYYYYYYYHYYY Y Y

» I JJJJJJJI. Y Y'Y
qu ) .ﬂfﬂfﬂJJJJJ,,,,,.,
T } >

senanhnshahahhhhhh
3

YN NN NSNS Y Y S

TYY Y Y Y Y Y Y YN Y Y Y )
T I YT YT Y Y Y Yy Yy
T Y Y Y Y Y Y YYYYY Y Y

JJJJJsz

)

.

3

3

J .1

4 . . .

3

e

» ‘. ooooooooooounoooooooooooo00ooo)loooooOOOOOOOOOOO.’?%. MITIIYIIYIYTNY
) ) YT T T T T T T T TN OROROTOROROE R O et F R R R LR R R R N TN T VY
UJ .....0.0....OOOOOOOQ....oowoo.o.o;oooooooooooooooooooooootooooooooooorbbooooﬂﬁﬂﬂﬂﬂﬂﬁ,
dJ o " Y Y9N NN NN
'Yy .f.. T T e S e T YT o 2. Y BT T YT T YN NYYY
ﬂﬂf 2000 Bessssn,wesb))esssssssss(({Hasssargrssbesssssssssiie Y YYYYYY Y)Y
) ...’...............0.060ooo-oowoocotooo-oo-oo-omvootatotoocooooooooooooﬁi EEEEY T I IOV YY Y
T} Y I I T e N e IR Y L T N O S T Ny

‘TR R R Yo EEEY - T R E R R Yy TRV TP NNNTI NN oN ) FNNYIYNYIYYNYNY Y S

DL PE T PP a0 RNt mme et /N opessesrumtessG e
P PR R R R R R UEEESYS AR R R R R R R R R WEREREL )Y R EEEREEERE R DR D Smen B R R ey ¥ F O ]
DO PP PP EmMEGIPIIRLPPPNILPP LAY /00l oo s sn et s ssr Nt sntane» PR RS
Y N e A A T Y AL T I R TN R R RL YN I Y

A EA R R R TR AR NNNEAEA R R R R R R R R RZ 2N RE R - S AR R R R R RIS be? 2 0 0 0

> A AR R R R R R R R RN PO R RE R R R R X
- e AN NI RS R AR R AR R R R R R " " RERE R R R R R R R R R ettt

L | )

000087 /7000 00))0 0000ttt st (Rt tllsttssnesssssssssa,. e JJJJ444

TE Y Tnlem PR F R EEFERFEFFFEREF R R T N R EEEFERFFFRFRFRFRFFIL R YN YY)

I I R R e O Y Y e LA A T R R R R R R T A A ) ) TYIIIIY
"o BP0 0 — — PRI RN AP RN RRRRIRSEY XYy
. - et E RN Y N LR E E R R R YY) p PR R - | e L E1)
»» r— ’ . X j *ryy

DO RARARRN 2000000000 sal)ossssnssssssrssrsrssUesrre YY)

(DD DD sl 0l B P00 000000000 =Bl IIIIIIIIRIAIIISEY TI11Y

I I I I R et T L R R R A A R R AR Y R ) 1)) Jﬂqqq
O PR R R R R R R R RSYS AR R R R R R R R R R R RN A R R R R R R R R R R P ) ) ) )

BN RN NN )00t oo s s oot ssrsssarinesrode

o ee T L0
*en \lJ | ) Y
BRSSP RR R0 0000000000000 RPNttt st snapereeld Y+
J’Jﬁooooooooootaoooooooooooooooooo\to00000000000000000400000. Jr AﬂJA

BRSNS IO OIOIOINIIRIOIIIIINIINIRSYS SosssNLLIRIIAYTRRIRRRY ¥
L) | — )
"w N ] Y
DR 00 )00 00 boesessesesnbadessesnessssssessaodeseed TIYXL)
" TEIFIFTNNRN T Mot PR PR R R R R RRRTOYEERETE RN R R R R R PG N N ) HQJ
) PR RPN RN, TN NN NN R R RN P RPN NN NN RRRRRRRRRYD Qﬁ
"N /.J
Ty
1) Mﬂu 0000000000 000000 00000000000 - RPN ISLISY )
] ) ) ‘TR RNR YRR EER R R R R R R R R AT R R R R R R R R R R R R R R R R R R R R ) ) ) ) 3
\ D ERRRRRRRRE 2220000000 o000 000ttt ettt stUlesssnesssssssssssssesssnnnh TYIY)
) AR S S22 0 2 R 0 00 P R 0P PP R R R R R R R R R R AN R RNt RN RRReIREIOIRIRISS Mﬁﬂﬁ
XX
10
IR R R R D R R R et n o non oo rsnior oo rsrnere  » TYIY
,,,,,ﬂ/ﬂﬂooooooooooooooooooooooooooooooo\.ooootoo.ooooooooooooooobi L) .JJJQ

) 44,4 . .

Y YT YYYYYYNYS

IRRRRRRRR 2200 s ottt ot ee Mﬂ¢JJ.
Y NYNYNYYNYYSN +*™YY
' Y T Y Y YYYYYYYY 17

m " .< W) J///JJJJJJJJJJJJ, .
..,..,1144444444Jfﬂ/
1Y T YT YT YT YT YTYYYYYY
Y Y Y Y Y YYYYYYYYYYYS )
YT YT YT YT YTYYYYYYYYN
.,..‘..,IJJJJJJJ.fo
1YY Y YT Y Y Y YYYYYYYY YN ’

T T Y Y Y Y Y YYYYYYYYYS
.,J_,/,44144.¢44441Jﬂf
. ......1._.44JJJJJJJJJJ

I TN I T I T YT YT YTYYTYTTYT™NM
BERERRRARRRARRARRARARARLS f PABRRARRRRRRRARRN
,.‘4,.4.4444444444444JJ1f JJJ44444J4144.44
T T T T T T T T YT YT YT ITYTYYYYYY Y YT ™YY p

RARRARARARRARRRR R AR annnsnnnnnnnnnnnnnnnnnnnnnnnnhnnnhhhh
I T T I I T T I I I I T T T I T T T T T T YT YT T TTYTYTYTYT YT Y TYTTYTTYTTYTTYTTYTTYTYTTYTYTYTYTYT Y Y Y Y Y Y Y Y Y Y
T T T T T T T T T T T T T T I T T T T T T T T T T T T T T T T T T TN TTTTT T TN T YTYYT Y YYYYTYYT Yy

T T T T T T T T T T T T T T T T T T T YT YT YT YT YT Y YT YT Y Y Y Y Y Y Y Y Y Yy

BB R R R R E IR IR E I EEEEEEEEEE Y
Y 9 Y Y Y YN Y Y Y Y NN NYSYYYYYM MY Y NY Y Y Y Y Y N YNNI NYNSNSSSNASNASS



Symmetry

Silateral
SYMMETR’
Translational, rotational, ... HERMANN WEYL
Ornamental

Crystals




o
D
o
&
=
)

reipadpifA YsIBu3 eames {Ipi6kylion!

JTONOIQD XaTd MMMy 0Ny S,ZaImen10y 41014 Buisn
add e woJ} pajeasd 3ous pue |jeq 099 suais|n

- ,/3\.0‘%0:.0‘»5#0‘!5\.50‘!9\

-/
\) V..W

Csl

’ld’ld-.!i’!i’!d
5 M&/ 7 M&/ 7 M&/ PN Mvﬂ
2pa e\ Vagaaga\Vaga
o aeily, gy, gty gy iy
R N LRI FORN TN
.WL YM.WL YM.‘WL K\M.WL YM.WL R\M
RN RN AR
030003000, S0 9t de s
M"W M"W M"W M"W M"W
sy, wity,  uily, wily,  uily
X NN FORN TN
.’L K\..’L YM.‘WL ?M.WL K\M.WL R\M

> < >
LRI TN

BY0.%0Y0.%8Y0.% 8
AR
M..\‘ 7“.“\‘ 7“.“\‘ 7“.“\‘ 7“.“
val aval ava/ avaZed e
A A

e
o



http://www.pirx.com/iMol/
http://www.pirx.com/iMol/

Symmetry (continuous)
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THE NEW YORK TIMES, TUESDAY, MARCH 2?, 2012

BASICS | Natalie Angier

The Mighty Mathematician You've Never Heard Of

Scientists are a famously anonymous
tot, but few can match in the depths of
her perverse and unmerited obscurity
the 20th-century mathematical genius
Amalie Noether.

Albert Einstein cailed her the most
“significant” and “creative” female
mathematician of all time, and others of
her contemporaries were inclined to
drop the modification by sex. She in-
vented a theorem that united with mag-
isterial concision two conceptual pitlars
of physics: symmetry in hature and the
universal laws of conservation. Some
consider Noether’s theorem, as it is now
called, as important as Einstein’s theory
of relativity; it undergirds much of to-
day’s vanguard research in physics, in-
cluding the hunt for the almighty Higgs
boson. Yet Noether herself remains ut-
terly unknown, not only to the general
public, but to many membetrs of the sci-
entific commuunity as well.

When Dave Goldberg, a physicist at
Drexel University who has written
about her work, recently took a little
“Noether poll” of several dozen ¢col-
leagues, students and online followers,
he was taken aback by the results, “Sur-
prisingly few could say exactly who she
was or why she was important,” he said.
“A few others knew her name but could-
n’t recall what she’d done, and the ma-
jority had never heard of her”

Noether (pronounced NER-ter) was
born in Erlangen, Germany, 130 years
ago this month. Soit's a fine time to
counter the chronic neglect and cele-
brate the life and work of a briliiant
theorist whose unshalkable number love
and irrationally robust sense of humor
helped her overcotne severe handicaps
— first, being female in Germany at a
time when most German universities
didn’t accept female students or hire fe-

.
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GROUNDBREAKING Emmy Noether's theorem united two pillars of
physics: symmetry in nature and the universal laws of conservation.

RS

symmeiry in nature, some predictabili-
ty or lomogeneity of parts, youw’ll find
furking in the background a corre-
sponding conservation — of momen-
tum, electric charge, energy or the like.
If a bicycle wheel is radially symmetric,
if you can spin it on its axis and it still
looks the same in all directions, well,

‘then, that symmetric translation must

yield a corresponding conservation, By
applying the principles and calculations
embodied in Noether’s theorem, you'll
see it’s angular momentum, the Newto-
nian impuise that keeps bicyclists up-
right and on the move.

Some of the relaticnships to pop out
of the theorem are startling, the most
profound one linking time and energy.
Noether’s theorem shows that a sym-
metry of time — like the fact that wheth-
er you throw a ball in the air tomorrow
or make the same toss next week will
have no effect on the ball’s trajectory -
is directly related to the conservation of
energy, our old homily that energy can
be neither crealed nor destroyed but
merely changes forn,

The connections that Noether forged
are “critical” to modern physics, said
Lisa Randall, a professor of theoretical
particle physics and cosmology at Har-

- vard. “Energy, momentum and other

quantities we take for granted gain
meaning and even greater vatue when
we understand how these quantities fol-
low from sytmetry in time and space.”

Dy, Randall, the author of the newly
published “Knocking on Heaven'’s
Doot,” recalled the mmoment in college
when she happened to learn that the au-
thor of Noether’s theorem was a she. “It
was striking and even exciting and in-
spirational,” Dr. Randall said, admitting,
“I was surprised by my reaction”

For her part, Noether left littie record




Symmetries & conservation laws

Spatial translation Momentum

Time translation Energy

Rotational invariance Angular momentum

QM phase Charge



Symmetric laws
neea not imply
symmetric outcomes.



symmetries of laws = symmetries of outcomes

by Wilson Bentley, via NOAA Photo Library

Studies among the Snow Crystals ...
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Nambu-Goldstone bosons

Betsy Devine

l'%:

Y0|ch|ro Nambu

Jeffrey Goldstone

Py

P

Massless NG boson

Massive scalar boson

NGBS as spin waves, phonons, pions, ...



Symmetries imply forces. |: scale
symmetry to unify. EM, gravity

Hermann Weyl (1918, 1929)



Complex phase in QM dﬁ

ORIGINAL

pd .
A
A

Global: free particle Local: interactions



Maxwell’s equations; QED

massless spin-1 photon
coupled to conserved charge

no impeadiment to electron mass

(€1 & er have same charge)

Wb = LR + YrYL

James Clerk Maxwell (1861/2)
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QED
Fermion masses: allowed

Photon mass term
L2 A
2mWA Au

violates gauge invariance:

AlA L AR AN - 5 N) £ AP A,

Massless photon predicted

observed: m. < 10 °° m,

20



Symmetries imply forces. l:
non-Abelian gauge symmetry

4 ."‘ y
th '.‘."‘ d
AN '
' A b\ :
A W \ ) %
- B > AY LR T\ e A\

X:\'; A \: \:j b TN % \“

\ $\ \NR B I )Y ‘

omr! B ’1: yt \.‘ { 2 %, 75 ) \l \\ >
A >uae AT A

IR BT T 15 o & ;_" \ 1 \

)RR ‘)‘-,' AN AR ( , \ b\ J

I M\ A\ 11 B\ ) ] A \\ {
SRR AR R R T ) l
W .\ LAY (i ‘f b 3 \1 _
BTN TN \\ W i B Y Ay
| "1‘ 4 ¢ | ‘;u"& g i ‘ ' ‘1‘ §\\
AL B . I I\ ©
| : (" ‘ i } \ L\ }
; = ZIE P AN

Shaw
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Can one choose ndepenaently
at - each-pointinispacetime

th

C:CORVE

AtionHoRame

lL.oca

Oroton:a

NaERetitron?

ISOspin symmetry Implies

Ciie

nassless

gauge bosons

coupled to isospin

no impeaiment to nucleon mass

(N & Nr have same isospin)

22



Might hiding the symmetry help™?

Seems to add massless NGBs

to massless gauge bosons

Goldstone theorem proved
With-ever-increasing rgor
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Superconductivity (191 1)

Helke Kamerlingh Onnes
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Thanks ’to Felicia Svoboda
25



Magnetic fields excludeo

Walther MeiBner Robert Ochsenfeld

PP: 40 nm penetration
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Ginzburg-Landau model (1950)

= >
O) (@)
| - | -
0, )
(- C
LL LL]
(4h) )
(4h) )
S | -
LL LL

Order Parameter Order Parameter

Photon acquires mass In superconductor
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Vitaly Ginzburg Lev Landau
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BCS theory (1957)

b \u

John Bardeen Leon Cooper

Robert Schrieffer
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Some hints

(1962) Photon can acquire mass
in 1+1-dimensional QED

‘ (1963) Superconductor: massive
< photon, hidden gauge symmetry.
Model for strong interactions”

L & " "\A
v -

Vo
\ 4 N7 |
5
|

71.“ .
Phil Anderson




Spontaneous symmetry breaking

g 4 "(-'

-’
)
) !
-
'

I_ ) g \
}'V‘ -4'? - . Q - =

— ' ~ - ‘- .'
! -
. _’ | | .
. .

\ |
3 § ) £

. - s

K"ibble Guralnik Hagén Englert  Brout!

L

>

Higgé

1964— : Goldstone theorem doesn't apply to gauge theories!
Each would-be massless NGB joins with a would-be
Mmassless gauge oson to form a massive gauge boson,
leaving an incomplete multiplet of massive scalar bosons.
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Simplest example: Abelian Higgs mode
= Ginzburg—-Landau in relativistic notatio

Ylelds massive photon
+
a massive scalar particle
‘HIggs - boson”

NoZmention:otweaknteractions.

NO-guestion-ofiermnion Masses
(not-anssuefor Yang—Mlills theory).

R

32



Spontaneously broken gauge theory

3

_ongitudinal component

Higgs boson

1981 massive collective mode (Raman scattering in NbSes)

33



Many fingers in the pie ...

"Higgs fields", for example, are just the scalar fields of a linear
sigma model, which was discussed in 1960 by Gell-Mann and Lévyl but
had been introduced three years earlier by Schwingerz. And "the
Higgs mechanism" was first described by Philip Anderson>: perhaps
should be called "the ABEGHHK'tH... mechanism" after all the people

(Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble, 't Hoof
who have discovered or rediscovered it! However, I do accept
responsibility for the Higgs boson; I believe that I was the first
to draw attention to its existence in spontaneously broken gauge
theories?, . L

Peter Higgs, 50 Years or Weak Interactions, \Wingspread (1984)

The Schwinger-Anderson-

Englert-Brout-Higgs- m@d(\
Guralnik-Hagen-Kibble besen

lan Aitchison, “The unbearable heaviness of being,” Physics World (July 1989)
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What of Yang—Mlills (isospin) theory’?

After SSB, still not the theory of nuclear forces

Right idea, wrong: symmetry,- wrong constituents

based or

SU(3) €O

forir

teractions amo

Precursor of Quantum Gh

or ga

h

romodynam
Uge symmet

g quarks

ICS
Y
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In contrast to biological evolution,
unsuccesstul lines in theoretical
physics do not become extinguished,
never to rise again.

e arefree 10:00HoW - potent 1aeas
frrom-the pastand:1o:apply-them in
nEW:Sethings;to-powerit-erect.
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Asymptotic freedom in QCD

—
o

9
8
4
6
)
4
3
2
1
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QCD explains most of visible mass
Light hadrons (dynamical fermions)

—— experiment
—— width
o Input
¢ QCD




B-decay: parity not conserved!

B ASYMMETRY (AT PULSE
HEIGHT 10V)

« EXCHANGE
GAS‘IN

w
—
<
0 e
o
Z
—
Z
2
Q
Q

6 8 10 12
TIME IN MINUTES
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Parity violated in weak interactions

Chien-Shiung Wu (1956) Eric Ambler

40



Chiral guarks and leptons




An electroweak theory

Weak isospin {left-handed)
_|_
weak hypercharge phase symmetry

S massless gauge bosons
coupled to weak isospin

1-massless hyperphoton
coupled to weak hypercharge

massless quarks & leptons

Sheldon Glashow
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An electroweak theory (1967)

Contrive a vacuum to hide EVWW-symmetry

(need 4 new fields)

Massive W+ W=, 21
Vassless photon

MaSSIVEeHIggS DoSon

LSRR
y RN
'.\t." U

.....

Steven Weinberg Abdus Salam 4
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Gauge symmetry (group-theory structure) tested in
ete — WEW

45



Electroweak symmetry Is real

No ZWW vertex
Only v exchange

e LEPdata
Standard model

02/17/2005
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HIggs bosons: Incomplete multiplets
(W1, Wo, Z, h)1orm: O4):multiplet

W1, Wa, Z become longitudinal W, W, Z°

N becomes H; remembers Its roots

HIgh=energy:-benavior:tnitanty-oound, . ..

See end of §lil, Phys. Rev. D16, 1519 (19/77)
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http://j.mp/HiQlLK
http://j.mp/HiQlLK

Fermion mass after SSB

By decree, Weinperg & salam add
interactions between fermions and scalars
that give rise to guark and lepton masses.

Ce [(Q_L(I))GR i a((I)TGLﬂ PRIl Sias Cev/ﬂ
Ce : picked to give right mass, not predicted
fermion:-massimpies:physics beyond standard model

Highly economical, but is it true?

48



H couplings to W, Z tested

6 March 2012 mgmn =152 GeV

- Aaﬁls)d -
a
S s % —0.02750=0.00033
- L% - 0.02749:0.00010
4 - % % e incl. low Q° data
('\l>< :
B> 3
2 2
1 <
| LEP LHC
0 excluded o, o excluded
40 100 24010



World without SSB

QCD confines quarks i
Nucleon mass litt

NtO

—lectron and quarks have no mass

protons, etc.

e changed

Surprise; QCE: hides EW: symmetry,
givVes tIRYImasses to W, £

Massless electron: atoms lose integrity

No atoms means no ¢
COMPOSI

el

te structures |

ke i

IStry, no stable
quids, solids, ...
arxiv:0901.3958

50


http://prd.aps.org/abstract/PRD/v79/i9/e096002
http://prd.aps.org/abstract/PRD/v79/i9/e096002

Four tasks for the SV EIgas Hoson

Hide electroweak symmetry
(distinguish EM, weak interactions)

Give masses to W+, 7Y
Give masses and mixings to fermions
Keep EW theory from misbehaving



High-energy behavior of EXW: theory

W*W -, ZZ, HH, HZ s-waves approach constants,
thanks to gauge cancellations

... satisfy s-wave unitarity

provided M < (8mN23GH 2 = | TeV

* |f bound is respected, perturbation theory is
“everywhere’ reliable

* If not, weak interactions among W=, Z, H become
strong on |-TeV scale

New phenomena are to be found around | TeV

52



Does My < 1 1eV make sense’’
The perilof quantunm: corrections

23



Gauge symmetry (group-theory structure) tested in
ete — WEW

54



Vacuum energy:propliem

Higgs potential V(o ) = p*(wlp) + A (plp)?
2.2 )\ 4
At the minimum,  V{({plo)) = 'u: = ' ‘4@ < 0.

[dentify s de

V' £ 0 contributes position-independent

>10% GeV* =~ 10 gcm
Observed vacuum energy density gy.c < 10746 GeV*

Mismatch by 54 orders of magnitude
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EWSB and other guestions

Origin of fermion masses and mixings

Meaning of ©
for
Connect

| essons

O

cOoSMm

IC |

N 1o ga

K

f

1]

P violation

lation?
atter?

Insights for dark energy. problem?
Link with extra spacetime dimensions?
Connection to gravity through supersymmetry”?
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From "Unanswered Questionsin EW:-Theory:

1. What is the agent that hides the electroweak symmetry? Specifically, is
there a Higgs boson” Might there be several?

2. Is the Higgs boson elementary or composite? How does the Higgs
boson interact with itself? What triggers electroweak symmetry breaking?
3. Does the Higgs boson give mass to fermions, or only to the weak
bosons? What sets the masses and mixings of the guarks and leptons?

4, What stabilizes the Higgs boson mass below 1 TeV?

5. Do the different behaviors of left-handed and right-handed fermions with
respect to charged-current weak interactions reflect a fundamental
asymmetry in the laws of nature?

6. What will be the next symmetry recognized in nature? Is nature
supersymmetric? Is the electroweak theory part of some larger edifice?

7. Are there additional generations of quarks and leptons?

8. What resolves the vacuum energy. problem??

9. Is electroweak symmetry breaking an emergent phenomenon connected
with strong dynamics? Is electroweak symmetry breaking related to gravity
through extra spacetime dimensions?

10. What lessons does electroweak symmetry breaking hold for unified
theories of the strong, weak, and electromagnetic interactions?

57


http://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.010909.083126
http://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.010909.083126
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Fermion Masses

O charged leptons
A up quarks
V¥V down quarks
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Might we live In a metastable vacuum:?

Unstable

Metastable

2 +0.9 GeV

ATLAS+CMS

Stable




